Magnetic properties of high purity stoichiometric La2CuO4 nanoparticles are systematically investigated as a function of particle size. Ferromagnetic single-domain spin clusters are shown to spontaneously form at the surface of fine grains as well as paramagnetic defects. Hysteresis loops and thermomagnetic irreversibility are observed in a wide temperature range 5 − 350 K with the remnant moment and coercivity gradually decreasing with increasing temperature. Possible origins of the spontaneous surface ferromagnetic clusters and the relation of our data to the appearance of unusual magnetic phenomena and phase separation of doped cuprates are discussed.
I. INTRODUCTION
High-temperature superconductors (HTSC) have been investigated for more than twenty years but still new important details of their physical structure and properties are being discovered. Moreover, in spite of the clear progress achieved in the clarification of the phase diagram of cuprates, the spin dynamics in relation to superconductivity in these compounds remains unclear.
One of the things which is no doubt of crucial importance in undoped and lightly doped cuprates is magnetism and magnetic (exchange) interactions. This is clear from the simple observation that the magnetic order in La 2 CuO 4 is strongly influenced by the nonstoichiometry or chemical doping needed for the superconductivity to arise (see e.g. Ref. 1) . Thus, the parent La 2 CuO 4 has the Nèel temperature T N = 325 K. For La 2−x Sr x CuO 4 T N decreases sharply with the increase of Sr doping. In the case of La 2 CuO 4+y the situation is even more peculiar. The compound within the socalled miscibility gap (1% -6% of excess oxygen) tends to phase separate into the superconducting (below ∼ 40 K) oxygen-rich and nearly-stoichiometric oxygen-poor regions. The sample is found to be macroscopically inhomogeneous, and the Nèel temperature for the oxygenpoor phase is T N ≈ 260 K being the characteristic one in the shown above rather wide range of the excess oxygen concentrations. It looks clear that in the case of Sr-doped La 2 CuO 4 the local inhomogeneity due to impurity disorder and structural twinning is also the intrinsic property of the material.
The unusual magnetic properties of the fine grains and nanoparticles of the antiferromagnetic (AF) in the bulk transition metal oxides were predicted by Nèel 2 to arise from the uncompensated magnetic moments of the same sublattice found at the grain surface. Such magnetism was really observed and attracted the attention of the researchers due to possible its practical use. During the last decades the results on NiO 13, 14, 15 have been published. Large magnetic moments were found and phenomena peculiar, especially for antiferromagnets were observed, such as superparamagnetism and exchange bias.
In this paper we present the results of the detailed magnetic studies of stoichiometric La 2 CuO 4 fine grains. The compound has a layered perovskite crystal structure and its magnetic structure is more complicated than the structures of binary transition metal oxides. It is almost ideal 2D Heisenberg antiferromagnet with the strong superexchange in the CuO 2 planes. Spin canting due to Dzyaloshinskii-Moriya interaction below the structural phase transition at ∼ 530 K produces a non-zero outof-plane magnetic moment for each CuO 2 plane. These moments order antiferromagnetically at T N = 325 K. The interaction of the moments with an applied magnetic field can overcome the interplane exchange interaction and lead to the so-called weak ferromagnetism 16 . We have found an unusual relatively strong nonlinear component in its magnetization as a function of applied field characteristic of anisotropic ferromagnetic singledomain particles. It is shown that this magnetism arises from the surface of the material, but is not due to uncompensated surface moments proposed by Nèel. Grain boundaries are known as one of the limiting factors for practical applications of HTSC materials and the surface phenomenon described here may be important from this point of view. Some of the hysteretic behavior of the magnetization reported for cuprates in a number of works 17, 18, 19, 20, 21, 22 may be of similar origin to that which we observe.
II. EXPERIMENTAL PROCEDURE
The polycrystalline samples of La 2 CuO 4 were prepared by a solid-state reaction using La 2 O 3 and CuO of a minimum purity of 99.99%. The respective amounts of the starting reagents were mixed and then calcinated at 950-1150
• C for 80 hours in air, with several intermediate grindings. Phase purity of the sample was checked with 
X-ray diffractometer (SIEMENS D500).
The as-grown samples were found to be slightly oxygen-enriched having T N ≈ 260 K and containing a very small amount of superconducting inclusions with T c ≈ 30 K and Meissner phase volume fraction of about 4 · 10 −4 . After annealing at 600
• C for 2 hours in a flow of pure Ar (∼ 99.999%) the sample had T N = 325 K and no detectable diamagnetic inclusions. In Fig.1 the temperature dependence of the magnetization of the sample before and after the annealing in the measuring field of 1000 Oe is shown.
In order to obtain a series of samples with different average grain size, the annealed compound was ground for 8 hours in an agate mortar in dry high-purity isopropanol. The ground samples were dispersed by ultrasound and the grains of different sizes were extracted by means of successive sedimentation and further characterized with scanning electron (SEM) and atomic force (AFM) microscopes. Obtained grain size histograms were well described with the log-normal distribution. The samples had the grain size mean values of 0.22, 0.68, 1.53 and 4.1 µm and the masses were 22, 36, 64 and 35 mg, respectively. The SEM image of the 0.68 µm sample is shown in Fig.2 . X-ray diffraction patterns have shown that all the samples in the series are crystalline and single-phase. It is worth noting here that La 2 CuO 4 compound is stable in air and in water (unlike other cuprates such as YBa 2 Cu 3 O 6+y or Sr 2 CuO 3 23 .) The magnetic measurements were performed with a commercial Quantum Design MPMS-5 superconducting quantum interference device (SQUID) magnetometer. The samples were put into the gelatin capsules and mounted in a polypropylene drinking straw. In order to avoid the distortion of the M (H) curves due to the observed memory effects, the "no overshoot" mode for target field approach was used. Scan length was 4 cm with 24 points per scan. At each point the average over 5 measurements was taken as a result. The characteristic measurement time is ∼ 10 2 s. 
III. EXPERIMENTAL RESULTS
The magnetization curves of the sample with the average grain size of d ≈ 1.53 µm for different temperatures are shown in Fig.3 . In Fig.4 the observed at T = 200 K curves for different samples are shown. It is clearly seen that these dependencies consist of two main contributions: a nonlinear ferromagnetic one, saturating at H ∼ 4000 Oe, and a linear one. The magnetization curves can be described thus as
The nonlinear component M nl (H) at all the temperatures can be reasonably well described by the Brillouin (Langevin) function used for the paramagnetic (superparamagnetic) objects. The fit with the Brillouin function describing M nl (H) (Fig. 3) gives the temperaturedependent cluster spin values: 11000 ± 500, 5000 ± 300, 2000±200 and 300±20 at 350 K, 200 K, 100 K and 20 K, respectively. The M (H) dependencies for all the samples were found to be the same, differing only in magnitude of the linear and the nonlinear terms. The total spin values characterizing the nonlinear component within the fit error did not reveal any grain size dependence. In Fig. 5 the nonlinear magnetization component M nl (H) obtained by the subtraction of the linear term is shown for a set of temperature values. This plot indicates that we are not dealing with the usual superparamagnetic behavior, otherwise the initial slope of these curves should depend on T .
In the inset of Fig.5 the temperature dependence of the saturated magnetic moment is shown. In the temperature range 20 − 350 K it has a nearly linear character.
In order to determine if the unusual magnetism of our samples comes from the bulk or the surface, a grain size dependence of the magnetization have been studied. In terized by the saturated magnetic moment M s .
The magnetic susceptibility describing the linear magnetization component is found to be significantly greater than the susceptibility of bulk stoichiometric La 2 CuO 4 24 . Grain size dependence of the excess susceptibility with respect to the bulk La 2 CuO 4 χ e = χ − χ B at T = 20 K is shown in Fig.7 (this term is strongly pronounced at low temperatures). The values of χ B for the bulk material were taken from the data of Lavrov et al. 24 as the orientational averages χ B = (χ a + χ b + χ c )/3 (e.g. at T = 20 K χ B = 1.81 · 10 −7 emu/(g · Oe)). The clear linear dependences of both M s and χ e on 1/ d , which is the surface to volume ratio, allow us to assign unambiguously both components of M (H) to the grain surface. The Curie-like 1/T dependence of χ e shown in the inset of Fig.7 reveals a paramagnetic character of this linear magnetization term.
To investigate the origin of the different components, we annealed the 0.68 µm sample after the grinding pro- cedure in the same way (2 h at 600
• C in the flow of Ar) as it was annealed initially. It had led to almost total, more than 80%, removal of the excess Curie-like component. The nonlinear ferromagnetic component was reduced much less, only by ∼ 30%, indicating that unlike the linear Curie-like term the latter is rather stable with respect to annealing.
The explanation of the Curie-like magnetization component now looks more straightforward. It most probably originates from the surface Cu 2+ paramagnetic defects that have been observed in EPR spectra of La 2 CuO 4+y fine powders and ceramics and described by Wübbeler et al 25 . So, in the remainder of the paper we will be mainly interested in the properties of the nonlinear magnetization component.
The measured zero-field cooled (ZFC) and field cooled (FC) in the field of 10 kOe M (T ) dependencies are shown in Fig.8 . Thermomagnetic irreversibility is found in the whole measured temperature range 5 − 300 K and no characteristic spike corresponding to the blocking tem- perature is found neither in FC nor in ZFC curves.
Hysteresis loops are observed at all temperatures up to 350 K (Fig.9 ). This hysteresis obviously corresponds to the nonlinear magnetization term. At T = 100 K the loop is open up to 2000 Oe. With increasing temperature the hysteresis loop closes in gradually decreasing field. This is demonstrated also by the smoothly decreasing difference between FC and ZFC curves in Fig.8 .
The hysteresis loop is symmetric either for FC or for ZFC samples at any temperature. This means that no detectable exchange bias arising usually at the boundary of ferromagnetically and antiferromagnetically ordered phases takes place.
The remnant magnetization relaxes rather slowly. The magnetization decay is shown in Fig.10 . The decay is described well by the equation M (t) = M 0 (1 − S ln t), where M 0 is the initial magnetization after the removal of the applied magnetic field and S is the magnetic viscosity.
A puzzling fact at the first sight is that no character- istic spike in the M (T ) curve corresponding to 3D AF ordering as in Fig. 1 was observed for the 0.22 µm grain size sample (the data is not shown). In our opinion, this is simply because the surface magnetization dominated over the bulk one and the dynamic range of the magnetometer was insufficient to reveal this feature. Indeed, the spike amplitude for the initial sample in the field of 1000 Oe is ∼ 10 −4 emu/g while the magnetization of the sample with the grain size 0.22 µm in this field is ∼ 2.4 · 10 −3 emu/g. The spike thus should be ∼ 4% of the signal, and taking into account that the sample mass was only 22 mg, this value could be difficult to detect.
IV. DISCUSSION
The first question we are going to discuss is whether the observed magnetization properties are intrinsic for La 2 CuO 4 . In our opinion, usage of high-purity initial components and solvents during the sample processing allows us to eliminate the possibility of chemical con-tamination of the sample. Another possible reason would be a formation of Cu(OH) 2 compound at the surface of the grains exposed to the air, where the highly reactive broken bonds occur (as it was mentioned already, La 2 CuO 4 itself is stable in air and water). Nevertheless, this compound isn't ferromagnetic, so its formation definitely cannot explain our observations. Also, very similar magnetic properties were found for CuO 12 and MnO 6 nanoparticles that were synthesized in a totally different way than in our case. Another argument for an intrinsic origin of our magnetization is that qualitatively similar rather weak thermomagnetic irreversibility and hysteresis loops were found even for high-quality single crystals of La 2−x Sr x CuO 4 21,22 , the possible connection of which to our data will be discussed later.
Our results can be understood well in the following way. The observation of the hysteresis loops and irreversibility even for the smallest particles of 0.22 µm in size in the whole temperature range 5 -350 K unambiguously shows that anisotropic ferromagnetic clusters are formed at the grain's surface. The fit of the nonlinear magnetization component with the Brillouin function with the total spin values independent on the grain size within 0.2−4 µm range clearly manifests that the average magnetic cluster size is geometrically significantly smaller than the characteristic size of the particles. The fit with the Brillouin function should be nevertheless treated as formal, not revealing any physical quantities, but demonstrating the universal evolution of the M (H) dependencies with temperature.
In order to explain the details of our observations let us consider the model describing the magnetization of an ensemble of single-domain anisotropic ferromagnetic particles (Fig.11) . We assume here that local field is equal to the external field, implying a low concentration of FM particles. The potential energy of such a particle in a magnetic field is a sum of the magnetic anisotropy energy and the energy of interaction of the particle's magnetic moment with the applied field:
where K is the magnetic anisotropy constant, V -the volume of the particle, µ = M s V -the particle magnetic moment, M s is the particle saturated magnetization, H is the applied magnetic field and θ -the angle between the particle easy axis and its magnetic moment. There are two limiting and physically distinct cases: with the magnetic field applied along and perpendicular to its easy axis.
In the case of H||n, where n is a unit vector describing the orientation of the particle easy axis (Fig.11, a) , the energy of a particle is:
It can be rewritten introducing the effective anisotropy field HM s /2K as
Similarly, for H⊥n (Fig.11, b) , energy of a particle is described by the expression
Note that in both cases for the given values of macroscopic parameters K and M s the energy landscape amplitude scales with a particle volume V with the product µH a = KV serving as scaling factor, while its pattern is defined by the ratio h = H/H a . The potential energy patterns for these characteristic cases are shown in Figs.12 and 13. In both cases two minima separated by the energy barrier are present, depending on h. For h = 1 only a single minimum remains. The principal difference is that with H⊥n energies in the minima are equal, while with H||n the minima are inequivalent. In the former case the system is in equilibrium with any applied field. In the latter case the situation is different, and the relaxation towards equilibrium is prevented by the small probability to overcome the barrier. Magnetization of the collection of identical particles for these two cases can be easily treated assuming k B T ≪ µH a . So, for particles with n⊥H magnetization takes place due to the shift of the energy minima towards the direction of the applied field, and can reasonably well be described as (see also Fig. 14, b )
where M = M/M 0 is a normalized magnetization and M 0 = N µ is the total magnetic moment of the system. For particles with n||H the equilibrium magnetization M within the same assumption can be approximated by:
In general for the parallel field the system is only partly in equilibrium due to the presence of the energy barrier. The measured magnetization would be a product of equilibrium magnetization to the fraction of the system that is in equilibrium η(H, T ):
This fraction may be easily estimated. The probability Γ to overcome the barrier is defined by Néel-Brown equation
where τ is the relaxation time and τ 0 ∼ 10 −10 s is the socalled microscopic attempt time, E B is the barrier height. The last is exactly equal to 
If τ ≪ τ m at any field, magnetization of such particle collection will be reversible, and this is the case of superparamagnetism. In the opposite case, the system is locked in energy minima until one is destroyed by applied field. Magnetization of a system then will be irreversible, and this is the case of ferromagnetism. The magnetization curves in the conditions of µH a /k B T = 0.01, τ m = 100 s −1 and τ 0 = 10
with the easy axes parallel and perpendicular to the applied field are shown in Fig.14, a and b , respectively. It is readily seen that M(H) curve for the particles with n||H in the limit of k B T ≪ µH a can well be approximated by the theta-function
where h c is the applied magnetic field, at which τ = τ m .
As follows from Eqs. 9 and 10,
To make our treatment more realistic we introduce the distribution of the anisotropy fields f (H a ) in the simplest flat form within the values H − a to H + a , leaving other parameters (K, V , µ) constant:
From here on there is no sense in using dimensionless field h, so the real one H will be used. For the particles with n⊥H the situation can be treated analytically:
for H H For the particles with n||H the situation can well be approximated if we assume that for all the particles, similar to the situation described by Eq. 12, the equilibrium magnetization is saturated at h > h c , which is again valid for k B T ≪ µH a . Thus, we have simply to average theta-function on the distribution f (H a ). The result is:
where
In this situation M || (H) curve reproduces the dynamics of energy barrier destruction by an applied magnetic field and thus the derivative dM || /dH reflects the distribution f (H a ) with the renormalized H a scale. Note that in this case the magnetization is essentially irreversible. We should note also that in the real system not only H a values are distributed but also particle sizes V , magnetic moments µ and orientations. Field derivative dM irr /dH would reproduce the distribution of effective critical fields. Thus, in the limit of k B T ≪ µH a the magnetization of both particles with n||H and n⊥H, only weakly depends on temperature due to small temperature dependent term in the denominator of Eq. 17. This explains the minor variation of the field dependence of magnetization in a wide temperature range 20 − 350 K (Fig. 5) . Field renormalization described by Eq. 17 explains well the gradual decrease of the remnant moment and coercivity with the temperature increase (Fig. 9) .
As far as the magnetization relaxation is concerned, it is clear that the remnant moment of the monodispersed and aligned particle collection would be exponential as the energy scale is well defined. But in a real system presence of the distribution of energy barriers, as it was shown in Ref. 26 , results in time-logarithmic decay. It reflects the situation where at any time of observation t, metastable states that are currently decaying, have the lifetime τ ≈ t. This is exactly what we see in Fig. 10 .
Turning to the experimental results, we should note that our object, which is a collection of ferromagnetic clusters located at the surface of stoichiometric La 2 CuO 4 grains, is rather poorly defined both in terms of the cluster size distribution as well as the values of the constants M s and K. This limits any quantitative characterization of our sample. Nevertheless some definite conclusions can be reached. Thus, (i) The fact that surface FM moment scales with the surface to volume ratio (∝ 1/ d ) even for the smallest d = 0.22 µm grains (Fig. 6) shows unambiguously that the size of the clusters in a radial direction is much smaller than d /2 ≈ 100 nm, being of the order of 10 nm or less. The observation of the universal magnetization dependencies for all the grain sizes shows that cluster size distribution is rather universal. Moreover, it probably indicates that the characteristic size of a cluster is much less than the grain size for all the samples within the series. Comparing the observed saturated magnetization of the samples with the calculated magnetization arising from a surface entirely covered with a single layer of Cu 2+ spins, we find the former to be much smaller, meaning that the clusters are either morphologically island-like or possibly, cover the entire surface, but have a weakly-FM canted AF structure. In the latter case, due to the magnetocrystalline anisotropy we still expect that there would be at least two domains on each grain, and the model which we have used is still applicable.
(ii) The observation of a hysteresis loop at T = 350 K, which is well above T N = 325 K for the bulk compound shows clearly that the observed surface magnetism is beyond the Nèel hypothesis and is probably not due to uncompensated outer planes of the same sublattice usually observed in binary transition metal oxide antiferromagnet fine grains. (iv) The temperature-independent initial slope of the nonlinear magnetization component (Fig. 5 ) is determined mainly by the energy barrier destruction dynamics with the applied magnetic field. This and the hysteresis loop only slightly depending on T in the range of 5 − 350 K show that most of the system is in the limit k B T ≪ µH a . Extracting the irreversible part of magnetization M irr (H) from a difference of a virgin M (H) curve (Fig.4) and its reversible part revealed in a hysteresis loop (Fig.9) , the distribution of the effective critical fields f (H c,ef f ) can be estimated as f (H c,ef f ) ∼ dM irr /dH, as described above (Fig.15) . Observation of the time-logarithmic decay on the time scale of 10 2 − 10 5 s at T = 30 K (Fig.10) together with the hysteresis loops up to 350 K on the time scale of 10 2 s (Fig.9 ) allows us to estimate the energy barrier distribution to be within the range 0.05 − 1.2 eV.
Our observation of unusual surface magnetism of fine grains of bulk antiferromagnet material is not unique. As it has been mentioned earlier, similar results were found for nanoparticles of most of the antiferromagnetic transition metal binary oxides. Spontaneous surface magnetization was observed also in MnF 2 single crystal 27 29 . One can suggest a number of possible reasons for this. The magnetic structure of La 2 CuO 4 is more complicated than in binary oxides: it is a 4-sublattice antiferromagnet with a strong anisotropy. The exchange couplings in the CuO 2 plane are much stronger than the interplane ones. The in-plane AF correlations appear at much higher temperature than T N = 325 K, which is a transition to 3D antiferromagnetic state. In order the exchange bias to be observed one should cool down the sample in magnetic field through T N , and it is a question which temperature should be defined as T N in our case. Another, and in our opinion the simplest reason for the absence of the exchange bias can be the fact that our particles are of much greater size than that for CuO nanoparticles in Ref. 12 . Consequently, the volume of the AF core is much larger than the volume of FM shell, and thus the shell influence is not enough to stabilize the AF configuration of the core that will define after the field removal the unidirectional character of the magnetic anisotropy.
The origin of ferromagnetic response of the antiferromagnetic fine particles is a matter of current research. Nèel 2 was the first who predicted such a phenomenon, but his hypothesis is not applicable in our case as it was shown above. Kodama et al. 7 discussed strong coercivity and hysteresis loop shifts in NiO nanoparticles to arise from the formation of multisublattice spin configurations due to broken exchange bonds of the surface sites. Another possible origin of a weak ferromagnetism at the AF grain surface is the occurrence of Dzyaloshinskii-type terms 30 of the form
in the free energy of the surface layers; vector D is normal to the surface, M 1 and M 2 describe the magnetizations of AF sublattices. This kind of interaction arises due to the loss of inversion symmetry near the surface. Therefore, finite spinorbit coupling would result in spin canting. However, La 2 CuO 4 fine grains are probably not the best object to study these effects because of its relative complexity even in the bulk 1,24 . Our results seem to be of special importance because La 2 CuO 4 is a parent compound for the high-T c superconductors. It is now commonly considered that oxygen and Sr(Ba)-doped La 2 CuO 4 are strongly inhomogeneous systems. These doped compounds together with their strong tendency to twin can in principle be treated as the heterogeneous systems including the AF nearly-stoichiometric grains. In this sense such a system is similar to our samples and thus the interface associated magnetism can be found.
Indeed, we mention a number of experimental observations that may be relevant to our results. Magnetic irreversibilities were observed in the works by Kre-mer et al. 17, 18, 19 in phase-separated La 2 CuO 4+y and La 2−x Sr x CuO 4 . Hysteresis loops with the coercivity values comparable to that in Fig. 9 , and thermomagnetic irreversibility were reported by Panagopoulos et al. 20, 21, 22 for La 2−x Sr x CuO 4 in a wide range of Sr concentrations in polycrystalline and single crystal samples. The presence of local persistent and superparamagnetically fluctuating magnetic field was also observed by Chechersky et al. 31, 32 27 , in MnF 2 the surface magnetic moment arises if the dielectric constant changes significantly at the media boundary, and it even changes the moment direction for the cases of the ε in > ε out and ε in < ε out . So, one of the possible phenomenological reasons of the observed magnetic clusters formation may be simply a modulation of the dielectric constant due to inhomogeneities like the mobile hole segregation that takes place in cuprates.
In conclusion, we have experimentally observed and characterized surface magnetic phenomena in stoichiometric La 2 CuO 4 fine grains. The surface gives rise to an excess magnetization with respect to bulk material, showing both ferromagnetic and paramagnetic terms in the M (H), both of which scale with the grain surface area. The paramagnetic term most probably arises from the surface Cu 2+ defects reported earlier 25 . For the ferromagnetic component, hysteresis loops and thermomagnetic irreversibility are observed in the temperature range 5 − 350 K, with remnant moment and coercivity decreasing gradually with T . The observations can be well understood by assuming the formation of ferromagnetic anisotropic single-domain clusters at the grain surface. The distribution of effective critical fields is estimated. The microscopic origin of the ferromagnetic component is tentatively attributed to symmetry-breaking at the sample surface, but the detailed origin is unclear at present. The spontaneous appearance of ferromagnetic islands on the surface of La 2 CuO 4 might be useful in nanoscale devices for spin-polarizing the electron current in multilayer spin valves. The advantage is that antiferromagnetic oxides are much more common than the ferromagnetic materials currently in use.
